Gaseous C, has been studied by photoionization mass spectrometry between the ionization threshold and 40.8 eV. An adiabatic threshold of 7.57 + 0.01 eV is observed, which may be slightly low due to hot bands. The energy derivative of the photoion yield curve is in rough agreement with the He I photoelectron spectrum on the positions of some peaks, but others are weak or absent. The discrepancy is not attributed to autoionization, but rather to selection rules governing the ejection of low energy electrons into high angular momentum waves. C$ + is observed at higher energies, and becomes -0.6 as intense as C$ at 40.8 eV. The photoion yield curve of C$ + , approximately linear well above threshold, appears to exhibit curvature near threshold, thwarting an attempt to make a distinction between two alternative values of the second ionization potential. Fragmentation to form C.$ is only observed at the highest energy, 40.8 eV. The unimolecular decay is modelled by quasiequilibrium theory. In this model, the kinetic shift is of the order of 30 eV, and the minimum energy for dissociation into C$ + C, seems to be 6.0-6.5 eV.
INTRODUCTION
Buckminsterfullerene, C,, has attracted enormous interest because of its apparently exceptional stability, very high symmetry and other properties, some of which may have important practical application. From the viewpoint of photoionization mass spectrometry, it offers the opportunity to study a very large molecule in the gas phase, testing our understanding of ionization and unimolecular decay at limits not previously available. With the discovery' of a method for producing C, and its larger fullerene analogs in gram quantities, it has become possible to study the photoionization and photodissociation of these molecules in a more controlled fashion.
Earlier studies,' utilizing the C$ cation directly generated by a vaporization laser and then photodissociated by another laser at either 4.9 eV (KrF) or 6.4 eV (ArF) concluded "that the first fragments of C& are detected only after absorption of at least three photons of ArF radiation (and possibly more) ," at an observation time of 3 ,QS. The fragments consisted of even numbered clusters, i.e., C$, C' 50, etc. This was contrasted with the fragmentation of smaller C ;+ clusters (up to C,: ), which tended to lose C3 units. " The photofragmentation of C$, induced by 6.4 eV photons at a fluence of 15 mJ cm -2 produced even numbered fragments down to at least C!,+, , with a maximum at CG. Such large fragmentations caused O'Brien ef aL2 to have doubts as to whether " . ..sequential (C, ) loss is reasonable for the very high order fragmentations. Single event C, loss where e is an even number > 2 deserves consideration as well. " More recently, Radi, et al4 generated C,$ and other ions by "laser desorption from a graphite rod," and accelerated them to 8 keV. The ions were mass selected by passing through a magnetic field, and then entered a 1 m field free region. Those C&, ions undergoing unimolecular decay in the field free region to C;t; + C, were subsequently energy analyzed in a high resolution electrostatic sector. The kinetic energy distribution of C,: was converted into a center-ofmass kinetic energy release distribution, which had a maximum at -0.2 eV and a long high energy tail. Statistical phase space theory was used to model this kinetic energy release distribution. The calculations depended most strongly upon the C&-C, binding energy and the internal energy in the metastable C,+, parent ion. Using internal energy and the C, -binding energy as variable parameters which had to simultaneously fit the kinetic energy distribution, the absolute rate constant and the C, vs C, loss branching ratio, they deduced that the average internal energy of the decomposing CG was 39 eV, while the C, binding energy was 4.6 eV. This was roughly consistent with the conclusion of O'Brien, et al.' that at least 3 x 6.4 = 19.2 eV of internal energy in C& was necessary for observable fragmentation. Both studies had difficulty in rationalizing C, loss from C& "...though C, is the most abundant species in the equilibrium vapor (above graphite) and the most stable low mass fragment.4" O'Brien, et aZ.' favored a four-center transition state. Radi, et aL4 argued that this mechanism implied a substantial reverse activation energy, but their phase space calculations suggested a statistical decay mechanism with negligible reverse activation energy and relatively weak bonds between C, and C&. Neither study appears to have considered the relative stability of the combined systems (C,: + C, ) and CC; + C, ), rather than just the relative stabilities of C, and c,* Luffer and Schram' obtained the 70 eV electron impact mass spectrum of C,,. Here, C, vapor was produced by sublimation from a C,, sample prepared by the method of Ref. 1. The mass spectrum was dominated by C,$ , with about 7% of C,$ , and successively smaller abundances with larger C,, loss, down to C.$ at 0.2%. By contrast to the low abundance of fragment ions, C$ + was 2/3 as intense as other surprising feature was the collision-induced dissociation (CID) of C& +, which did not reveal decomposition into two singly-charged units, but rather into C& + + C,, C!; + + C,... to CA + + C2.5,6 (A much weaker signal of singly-charged fragments than doubly charged fragments was recently reported' in the CID of C& +, but this was attributed to formation of excited C& + by electron capture, and its subsequent dissociation.)
The observation that double ionization far exceeds fragmentation may seem surprising at first glance. For small molecules, Coulomb repulsion reduces the abundance of doubly charged ions to the level of roughly l%, whereas fragment ion abundances are comparable to parent ions at 70 eV.8 However, earlier 70 eV electron impact studies,'," on large conjugated hydrocarbons (naphthalene, anthracene, and 4-ring compounds) already displayed ratios of doubly to singly charged abundances ranging from -0.12-O. 18, comparable to fragment: parent ratios. The larger hydrocarbons can evidently maintain larger charge separation, reducing the tendency toward Coulomb explosion. This tendency apparently continues from the C,, hydrocarbons to C,.
The 70 eV electron impact mass spectrum has some relationship to a photoionization mass spectrum. If the Born approximation were valid, the 70 eV electron beam could be considered to be equivalent to photon beams spanning the energy range from the ionization potential to 70 eV, and weighted by l/E. The first ionization potential of C,, seems fairly well established. A value of 7.61 j, 0.11 eV was obtained by charge transfer bracketing in a Fourier transform ICR cell," and UV photoelectron spectroscopic studies on thin films of C, yielded a vertical ionization energy estimated to be 7.6 + 0.2 eV." More recently, a gas phase photoelectron spectrum gave 7.61 f 0.02 eV.13 However, there is a discrepancy in values reported for the second ionization potential. McElvany et a1.14 using charge transfer bracketing in a Fourier transform ICR mass spectrometer, obtained 9.7 f 0.2 eV as the energy to ionize C& , whereas Lifshitz" et al. measured the translational energy loss in the chargestripping reaction C& +M-C$+ +M+e and deduced 12.25 + 0.5 eV for this quantity. Both the first and second ionization potentials of C,, have been calculated by Rosen and Wlstberg,16 using the local density approximation. They obtained 6.9 and 7.8 eV for the first ionization potential (IP), using respectively the Xa exchange-correlation potential with a = 0.7 and the parametrization of von Barth and Hedin." This was reported before an accurate IP had been determined experimentally. For the second IP (i.e., the IP of C$ ), they obtained 10.1 eV (a = 0.7) and 10.8 eV (von Barth and Hedin) . Hence, the calculation of the second IP falls between the two experimental values, favoring the lower one. In summary, previous studies indicate that photoionization of C, should have an onset at 7.6 eV, fragmentation to C$ should not be detectable before 26.8 eV and possibly 46 eV, and C& + should have an onset at either 17.3 ( + 0.2) or 19.85 ( + 0.5) eV.
II. EXPERIMENTAL ARRANGEMENT
An early version of our vacuum ultraviolet (VUV) photoionization mass spectrometer was rejuvenated for these experiments. It consists of a 1 m normal incidence VUV monochromator mated to a 60" sector magnetic mass spectrometer. With 4 kV accelerating potential, the mass spectrometer can be used to access m/e values in excess of 720 (C,$ ) . Three different types of light sources were utilized: the hydrogen many-line spectrum from -1640 to -970 A, the Hopfield continuum of helium from -1000 to -600 A, and line sources of He II and Ne II from 584 to 304 A. For the latter, a grating blazed at 290 A was used, whereas for the H, and He continuum sources a 1200 1 /mm, 800 A blazed grating was employed. The mass spectrometer slits were widened for high transmission, but could still easily resolve one C unit at m/e = 720. The wavelength resolution was varied between 0.83-2.5 A (FWHM) between 1640 -600 A. Below 600 A, resolution was not a factor with the line sources used. The light intensity was monitored by the photoelectric current produced on a polished Ni surface. The wavelength response of this photodetector had previously been determined between 580-1660 A. It was extrapolated to 300 A, using the measurement of Cairns and Samson." Fullerene soot was prepared in an electric arc system similar to that described by Kratschmer et al. ' The fullerenes were extracted by toluene. After drying, the sample was loaded into a MO oven. The oven was radiatively heated by a zigzag tungsten filament, which in turn was surrounded by radiation shields. A water cooled shield kept the vacuum chamber at a tolerable temperature. An additional electrode atop this structure could be used to prevent electrons from the filament entering the ionization chamber. With this arrangement, the background ion count was of the order of l/mm. The temperature of the oven was measured with a Pt, Pt 10% Rh thermocouple.
Ill. EXPERIMENTAL RESULTS
At a typical measurement temperature ( -600 "C), the ratio of m/e = 840 (C,: ) to m/e = 720 (CG ) was about 0.12 at 584 A. All subsequent experiments were performed on C$ or lower masses. The only lower masses at which photoion signals were observed with /2>460 A were m/e = 720 (C$, > and m/e = 360 (C& + ). An attempt was made to observe m/e = 696 (C,$ ) and m/e = 672 (CL: ) at 460 A where the light intensity was relatively strong. No net photoion signal was observed at either mass; the fragment to parent ion ratio was determined to be Q l/350 at C$$ . However, at 304 A some significant signal was observed at C,: , and possibly C,: . In 5 min of counting time, we observed 12 counts of C,:, of which 5 counts was attributed to background (monitored at a nearby wavelength off the peak). For C& , the corresponding counts were 9 and 5. A weak C + + signal was observed at the very intense Ne resonance lizs (composite of 735.8962 and 743.7195 A, about 16.84 eV) and initially thought to represent a near threshold value for C,$ + . However, a similar low level signal at the same mass was observed at the equally intense Lyman a ( 1215.67 ALE 10.20 eV) and Lyman p ( 1025.72 A= 12.09 eV) lines, and consequently attributed to a secondary process. Most likely, it results from photoelectrons formed at the photodetector (near ground potential) accelerated into the ionization chamber (at + 4 kV). This low level signal was only encountered with the very intense lines, and was treated as a light dependent background.
A. The photoion yield curve of C& (C,,)
The normalized ion yield curve between threshold and 304 A is shown in Fig. 1 . The approach to threshold (see expanded scale) is very nearly linear. The apparent threshold occurs at 1638 -& 2 A~7.57 + 0.01 eV. This is about 0.04 eV lower than the value obtained by photoelectron spectroscopy. A possible interpretation is that the current value corresponds to the adiabatic IP, whereas the PES value is a vertical IP. However, the influence of temperature must be considered. At 800 K, close to the experimental temperature, the average vibrational internal energy is an astonishing 4.6 eV = 106.5 kcal/mol! This is based on the calculated frequencies of C,, given by Stanton and Newton." Most of these normal modes should remain inactive spectators in the direct photoionization transition, and hence their internal energies should not be available. Only the totally symmetric modes should be Franck-Condon active, and there are two of these with calculated frequencies of610 and 1667 cm-'. If the geometrical structure of C& is identical to that of C,, then the l--t 1,2 -+ 2, etc. transitions fall directly on the O-+ 0 transitions; the adiabatic and vertical ionization potentials are the same, and hot bands do not contribute. This must be very nearly the case here, since a 1-O transition of the 1667 cm-' mode would cause a displacement between vertical and adiabatic IP of 0.2 eV (much larger than observed) and even for the 610 cm -' mode, the 1-O transition would cause a shift of 0.076 eV.
The photoion yield appears to increase more than linearly between -1500-1350 A. Between ca. 1300-l 100 A, the ion yield is nearly flat. As one proceeds to shorter wavelengths, the photoion yield again increases, displaying a rounded step between 1000-850 A, and then a sharper increase to -584 A. Shortly thereafter, the photoion yield descends rapidly. At 304 A, the relative photoionization cross section is about l/7 that at -540 A.
B. The photoion yield curve of C,$,+ The weak intensity of C$ + limited our studies to a few lines: He II (303.78 A), Ne II (460.73-462.39 A), He I~ (537.03 A), He I, (584.33 A) and Ne I (626.82-629.74A). As mentioned earlier, a weak signal due to a second order process was observed at Ne I (735.90-743.72 A). The photoion yield curve of C$ + (C, ) is shown in Fig. 2 . Between 537-304 A, the growth is roughly linear. At 584 & there is still a significant C,$ + intensity, but it is only -l/230 that of C$ . At -628 A, the C$ + signal is comparable to the uncertainty of measurement. There does seem to be significant curvature as this curve approaches threshold. A rough extrapolation yields an apparent threshold of -635 A= 19.5 ev, which implies a second ionization potential (C$ -C& + ) of -11.9 eV, close to the value given by Lifshitz et al. " ( 12.25 * 0.5 eV). However, there is no fundamental basis for this extrapolation, and enhanced curvature near threshold could readily accommodate the lower value. The C$ + /C,$ intensity ratio at 304 A is about 0.6.
IV. INTERPRETATION OF RESULTS
A. C&, An idealized direct photoionization process would consist of a succession of step functions, each succeeding step corresponding to a new (higher) state of the ion being accessed. If we limit ourselves to the electronic ground state of the ion, there could be a progression of vibrational steps, corresponding to Franck-Condon active vibrational excitation. The Franck-Condon active vibrations should be totally symmetric, and should reflect the change in geometry between the neutral species and its cation. If there is no significant change in geometry, one should expect an abrupt step. This is contrary to the present observation, which displays a roughly linear growth with excess energy. This could be accommodated within the framework of direct ionization if we 0.60' visualize a series of small vibrational steps (a staircase), which would appear linear with poor resolution or inherent broadening.
The derivative with respect to photon energy of the photoion yield curve provides a test of the relative importance of direct vs indirect (or auto-) ionization. If direct ionization is dominant, peaks should appear in the derivative function at about the same position as in a photoelectron spectrum. In Fig. 3(a) , we display such a derivative, obtained from a smoothed fit to the photoion yield curve. This can be compared with a He I photoelectron spectrum,12 shown in Fig.  3 (b) . There is fairly good agreement in peak position between Fig. 3(a) and the first, second, fourth, and perhaps 6th peaks in the photoelectron spectrum. The third and fifth peaks are missing in Fig. 3 (a) , and the first peak is exceptionally small. However, there do not appear to be spurious, or extra peaks in the derivative curve which could have been introduced by autoionization.
If direct ionization is dominant, why are the relative intensities of Fig. 3 (a) so different from those of Fig. 3 (b) ? Weaver et aL2' recently obtained photoemission spectra of C, in the condensed phase at several higher energies. They already noted that the relative intensity (1, /I, ) of the first two peaks changed from 0.88 at hv = 40 eV to 1.48 at 45 eV. These first two bands also have different relative intensities at He I (21.2 eV) and He II (40.8 eV) in the photoelectron spectrum of Lichtenberger et al. " In our derivative spectrum [ Fig. 3 (a) 1, the first, third, and fifth bands are weak or absent, while the second, fourth, and sixth bands are strong. Haddon et aL2' have calculated the successive orbital energies of the highest occupied molecular orbitals (HOMO'S) of C,. They display an alternation in parity, from h, (uppermost occupied) to (gp + h, ), (g, + fZu ), h,, flu, and ag.
Weaver et aL2' have already noted that the variation in their I, /I2 intensity ratios could be due to the odd and even symmetry of these states. The variation in intensities between Figs. 3 (a) and 3 (b) is more extreme. In the following discussion, we present a possible explanation for this behavior.
Haddon et aL21 have shown the relationship of the uppermost occupied orbitals, expressed in icosahedral symmetry, and their parentage in spherical symmetry. Thus, for example, an A, orbital transforms like an s orbital (L = 0), a t,, in icosahedral symmetry is like ap-orbital (L = 1 ), and an h, orbital behaves likes a d orbital (L = 2). It turns out that the HOMOs, in descending order, correspond to L = 5,4,3,2,1, with alternating odd and even character.
The ground state of C, is 'A,. Hence, according to selection rules, the electric dipole allowed upper states must have r,, symmetry. This includes the ionized (cation + photoelectron) states. By Koopmans' theorem arguments, the ground state of C& should be 'H,. The direct product of H,, x T,, is t,, + t2* + g* + h,. (The capital letters refer to the symmetry of the cation state or the combined state, the lower-case letters to the photoelectron wave.) Thus, the departing electron must be gerade, and expressed in the spherical group can have either d, g, or i symmetry. The strength of this transition near threshold may be suppressed on two counts.
( 1) An I = 5 electron may have difficulty becoming an I = 2 outgoing wave, since the single electron selection rule is usually Al = & 1. This problem would not exist for gs (I = 4) or ig (I = 6) outgoing waves.
(2) The departing electron experiences an angular momentum barrier, due to the centrifugal term I( I + 1 )/r 2 in the potential. Such a barrier is absent or insignificant for s or p outgoing waves; it starts to get significant ford waves, and becomes increasingly important for higher I waves. The effect of the barrier is to depress the ionization probability for very low energy electrons. At higher energies, the photoelectrons can surmount the barrier, but the possibility of interferences between the allowed outgoing waves exists. For g or i outgoing waves, the barrier suppression near the threshold should be very significant.
The first excited state of the cation should be 2Gg and/or 'Hg. The imposition of the same dipole rules forces the outgoing photoelectron to havefor h character ( 2G, ) andp,for h character ( 2Hg ). The p outgoing wave should not experience an angular momentum barrier (though there may be some weakening of the matrix element for an h-+p transition). Thefoutgoing wave will experience some threshold suppression, but the g-+fmatrix element is favorable. Taken together, photoemission from this second combined band should be stronger than the first band. Similar arguments can be made for the third and fourth bands. For the fifth and Fig. 3(a) .
sixth bands, the states of the cation should be 2T,u and 'Ag, respectively. Lower I outgoing waves are now possible. In particular, formation of 'A* should correspond uniquely with outgoingp waves, which should be strong near threshold. These deliberations are summarized in Table I .
To be sure, autoionization should also be occurring. The delayed ionization in C, and C,, observed by Campbell et al.*' is probably a manifestation of slow autoionization. It is difficult to partition the direct and autoionization contributions from the available information. In particular, the derivative function in Fig. 3(a) does not reveal additional structure which can readily be attributed to autoionization. The symmetry requirements for electronic autoionization are not very restrictive in the present case.
B. C&.+
The idealized direct double photoionization of a system should exhibit a linear or near-linear increase in photoion yield above threshold. 23 Even for an atom, this behavior is to be expected only for a unique state of the doubly ionized species. If there are additional low lying states, each might be expected to have linear post-threshold behavior. The summation of linear segments would than be similar to direct electron impact single ionization forming successive ionic states. Such a summation of linear segments could look like a quadratic, or higher power law dependence upon excess energy.
We have seen (Fig. 2) that the photoion yield for C,$, + appears to be linear at higher energies, but may approach threshold with higher curvature. If this is the case, an impact method such as that employed by Lifshitz et al. " may be sensitive to the more steeply rising probability. In addition, the time scale of the measurement may influence the threshold value obtained. The ICR measurement of McElvany et al. I4 involves a relatively long time scale. By contrast, the collision stripping of C& to C& + measured by Lifshitz et al." involves a short time scale. This may account for the different double ionization thresholds arrived at by these groups. In this picture, the adiabatic double ionization threshold is -17.3 eV, and the photoion yield curve of C$ + may be quite curved near threshold. Additional support for this tentative conclusion is found in a recent paper by Cox et a1.24 These authors state: "Appearance potential ( AP) studies on C,, suggest that the second IP of C,, (and C,, ) is less than 18 eV", with a reference to Hsu and Cox.
Our observed intensity ratio (C$, + /C,$ ) is only 0.065 at 26.95 eV, but becomes about 10 times larger at 40.8 eV. The region between these two line sources corresponds to the ejection of electrons from %-like orbitals. Such states have been observed in C, in the condensed phase by extreme ultraviolet and x-ray photoelectron spectroscopy." They gain intensity, relative to ionization from 2p-like orbitals, as the photon energy increases. Coincidentally, the 70 eV electron impact spectrum5 displays a C$ + /C$ ratio which is approximately the same as our observation at hv = 40.8 eV.
C. Fragmentation: C& -+C& +C,
In the present experiment, this fragmentation process was not observed at 26.95 eV, where we were able to establish a limit: C& /C$ g l/350. At 40.8 eV, with considerable struggle, this ratio was observed to be 0.07 k 0.04. In addition, a marginal result, ~0.04 f 0.04, was obtained for C,z /C& . Below, we examine the parameters of quasiequilibrium theory to see if they are consistent with this limit.
A preliminary calculation which is essential is to determine the average internal energy of the molecular ion, since this energy is available to the process of unimolecular decay. 25 The vibrational frequencies of C,, have been calculated by Stanton and Newton." The accuracy of these calculations has been tested by Bethune et a1.,26 who have obtained experimental values for the four infrared active frequencies and the ten Raman active frequencies. The agreement is sur-prisingly good for the low frequency modes ( -270-770 cm -' ). For the higher frequency modes ( -1100-1575 cm -') the calculated values are about 170-200 cm-' too high. Consequently, the calculated frequencies appear to be quite reasonable, and if anything, slightly high. Thus, our calculated vibrational energy will be slightly underestimated. Using the frequencies of Stanton and Newton, we compute a vibrational energy of C,, amounting to -10.1 kcal/mol (0.44 eV) at 298 "K, and a whopping 133.0 kcal/ mol (5.77 eV) at an approximate experimental temperature of -900 "K. The rotational energy at 900 "K is 2.7 kcal/ mol, probably within the uncertainty of the vibrational calculation. Furthermore, one can raise questions about the availability of the rotational energy for decomposition in this huge molecule, and hence we shall ignore this contribution. If the vibrational internal energy is available, then the total energy in the molecular ion at hv = 26.95 eV (on the average) is 26.95-7.6 + 5.77 = 25.12 eV. The minimum energy necessary for the dissociation process CCG 4; +c, has been estimated by Radi et al.4 to be 4.6 eV, by fitting statistical phase space theory to their kinetic energy release measurements.
For comparison, the dissociation process GW -+C,H4+ + C,H, has about the same dissociation energy.27 In this latter process, benzene cation has the equivalent of nine nominally single C-C bonds, C, Hz (believed to be methylene cyclopropene) effectively six C-C bonds, and acetylene nominally three C-C bonds. Hence, there is no net loss ofbond order. However, the resonance energy of C,H$ is about 30 kcal/ mok2* the strain energy of the three-membered cyclopropene ring is about 28 kcal/mol,28 and C, H, lacks about 33 kcal/mol for equivalence to three single C-C bonds, which amounts to -91 kcal/mol, or about 4 eV endothermicity.
(These simple calculations ignore the variable strength of the C-H bonds). In the decomposition of C,$ , we have effectively (60 x 4)/2 = 120 C-C single bonds, 116 for C,: and 2 for C,, a net loss of two C-C bonds, or about 7.6 eV. This kind of comparison led Radi et aZp4 to conclude that there were "relatively weak bonds between the dimer unit and the parent cluster." Below, we shall compute the rate of unimolecular decay of C$ by the microcanonical RRKM expression29
where k(E) is the unimolecular decay rate, a is the reaction path degeneracy. G *(E -E, ) is the number of states of the activated complex, and N(E) is the density of states, with E. ~4.6 eV as a trial value. To compute G * and N, we have used Haarhoff s approximation,30 utilizing the neutral C,, frequencies from Stanton and Newton. l9 As one test of the accuracy of our counting of states, we have computed the vibrational energy distribution ENW)e -E'kT~~ E] at 900 "K. The result, shown in Fig. 4 , is an almost symmetrical distribution with a maximum very 2.0-"'., "'.,'..'~.".,~...,~~. .,~~.*,.*~~,...~,"*' near to the average internal energy (shown as a vertical line). We have compared a direct count (after bunching the 174 vibrations into 11 groups) with Haarhoffs approximation up to -9000 cm -', at which energy the direct count is only about 1.4 times higher. We have also used the BeyerSwinehart algorithm,3' (with all 174 frequencies) which is essentially a much more efficient direct count. At E = 25 000 cm -I, this procedure yields a count higher by a factor of 1.02 and a density higher by a factor of 1.03 than the Haarhoff method. At the much higher energies which we shall explore here, the difference between a direct count and that from Haarhoffs approximation should be negligible.
In the following calculation, we assume that the vibrational frequencies of C,: are the same as those used for C, , and hence N(E) measured above their respective zero point energies will be identical. The transition state will have one frequency less than the C& , but most of the 173 frequencies are assumed to be unchanged. To estimate the changes, we assume that each C removed from C,+, takes away one stretching and two bending frequencies. We also assume a 4-center transition state, with one C-C stretch and 4 bending frequencies. Thus, to zeroth order, we drop a stretching frequency from C$J as an estimate for the frequencies of the transition state. Baer et a1.32 chose 966 cm -' as the C-C stretch reaction coordinate in the C, H6+ -* C4 H4+ C, H2 reaction. In our zeroth order approximation for C& decomposition, we have removed the highest frequency ( 1722 cm -' ) or alternatively, the lowest bending frequency (263 cm -' ). We assume that these widely differing frequencies will span the possible sum-of-states of the activated complex. The reaction path degeneracy (a) depends upon which Cz unit is removed from C$ . There are 60 C-C bonds which involve a common hexagon-pentagon edge, and 30 C-C bonds which have a common hexagon-hexagon edge. The resulting C$ looks more symmetric in the latter case, and hence we choose a = 30. The results of the calculations are summarized in Table II and Fig. 5 .
The density of states N(E) and the number of states of Calculated densityofstatesN(E) , number ofactivatedcomplex states G *(E -E0 ) and unimoleculardecay rateofC& (900 "K) asa function of photon energy (a = 30, trial E0 = 4.6 eV). The numbers in parentheses in the N(E), G( E -E. ) and k(E) columns are powers of 10. the activated complex G *( E -E. ) are both immense. The rate constant k(E) is approximately two orders of magnitude larger than that calculated by Radi c~af.,~ i.e., ours fall in the measurable range ( -104/s) with an internal energy of -26 eV, while theirs occurs at -39 f 2 eV.4 The range of rate constants spanned by the two alternative dropped frequencies is about a factor 4.
Bakowics and ThieP have also calculated C,, vibrational frequencies using MNDO, and obtain almost exactly the same values as Stanton and Newton." Bakowics and Thiel state that these calculated frequencies should be scaled by 0.88 to come closer to experiment. This is roughly what we had previously found (Sec. IV C) by comparing the MNDO calculation of Stanton and Newton" with experimentalz6 infrared and Raman spectra. Therefore, we also Photon Energy, eV FIG. 5 . The calculated rate constant k(E) vs E for the decomposition C$, -C,;, + C,, assuming a "hard" or "soft" transition state, and ,!?a = 4.6 eV.
calculated G *(E -E, ) and N(E) by the Haarhoff method scaling each calculated frequency by 0.9. Although G *(E -E. ) and N(E) increase by 6-7 orders of magnitude, the calculated rate constants decrease by only a factor 1.2-1.4, much less than the spread between alternative transition states.
In the current experiment, the residence time (7) of C$ in the ionization cell is about 11-12 ,US. This is also the approximate time the parent ion spends in the field-free region between electrostatic acceleration and magnetic deflection. Consequently, the integrated intensity of C,: fragment ion and the metastable ion (C$ + C,: + C!, in field-free region) should be about the same. The latter should appear at m/e = 672.8 amu and hence is indistinguishable within our mass resolution from C,$ .
From Fig. 5 , we obtain k(E) -lO'/s at hv = 40.8 eV. After a residence time r, the ratio of dissociated to undissociated ions is ekr -1. Thus, essentially all of the CG would be decomposed, if this rate calculation were valid. One may argue that the C& observed at 304 b; = 40.8 eV has a range of internal energies, many of them too low to permit of dissociation. However, we have seen that the ratio of C,: + to C& is about 0.6 at = 40.8 eV, and that this ratio has grown by a factor 10 in a span of -14 eV. Hence, a substantial fraction of the ionization at 40.8 eV must be to states with high internal energy. In order that the calculation represented in Fig. 5 and Table II match the observation of C,: at 40.8 eV, it would require that only -7% of the C$ states had the required high internal energy.
If, however, we increase E. (the minimum energy required for dissociation) to between 6.0-6.5 eV from 4.6 eV, the calculated rate constant is shifted into the experimental domain ( -104/s) for the alternative assumptions regarding the frequencies of the activated complex. With such a value for E,, the ratio of dissociated to undissociated molecular ions at 460 A~26.95 eV is less than lo-5, which is consistent with our upper limit (<l/350).
We tentatively conclude that the QET mode1 employed here, together with our experimental data, argue for an increased value of Eo, which seems plausible based on the aforementioned bond order arguments. The marginal detection of "CG " is consistent with the expected metastable peak at "C&, ." ( 1) The threshold for photoionization occurs at 7.57 + 0.01 eV. Within the uncertainty due to hot bands, this is consistent with the photoelectron spectroscopic value 7.61 + 0.02 eV.
(2) The energy derivative of the photoion yield curve displays some peaks corresponding to those observed in the He I photoelectron spectrum, but others are weak or absent. The discrepancy is not attributed to autoionization, but rather to selection rules governing the ejection of low energy electrons into high angular momentum waves.
Formation of C&+
This photoion yield curve is roughly linear at energies well above the threshold for C& + , but appears to have curvature near threshold. Due to this curvature, we are unable to resolve the discrepancy between two alternative values for the second ionization potential, but we favor the lower value.
The observed unimolecular decomposition of C& is consistent with quasiequilibrium theory, but more detailed experiments (e.g., photoion-photoelectron coincidence) and more precise models are required to convincingly demonstrate this point. Within the framework of the present experimental results and the model described, we favor a minimum energy for the dissociation process C,: + C& + C, of 6.0-6.5 eV, higher than the 4.6 eV previously deduced. In this model, the kinetic shift is in the neighborhood of 30 eV, whereas previously reported kinetic shifts for other molecules are of the order of tenths of an eV.
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